We report on a planar metamaterial, the resonant transmission frequency of which does not depend on the polarization and angle of incidence of electromagnetic waves. The resonance results from the excitation of high-Q antisymmetric trapped current mode and shows sharp phase dispersion characteristic to Fano- 7 and have become a subject of intense research in the terahertz domain demonstrating application potential in wave manipulation and sensing. [8] [9] [10] [11] The response of metafilms can also be engineered to mimic electromagnetically induced transparency ͑EIT͒ of atomic systems.
In this letter we investigate a planar metamaterial, which exhibits characteristic EIT-like response with resonant frequency that is practically independent of the polarization and angle of incidence, and thus offers intriguing opportunities for developing optical delay, "slow light" and spectral filtering devices. Moreover, the metamaterial structure has a simple design ideally suited for the existing manufacturing planar micro-and nanotechnologies.
Our metamaterial is formed by a planar regular array of pairs of concentric subwavelength ring resonators ͑as shown in Fig. 1͒ , which have recently been considered for achieving negative refraction in bulk composites. 27, 28 The double-ring ͑DR͒ pattern was etched from 35 m copper cladding covering FR4 PCB substrate of 1.6 mm thickness. The unit cell of the pattern contains one DR and is a square having size of 15ϫ 15 mm 2 ͑see Fig. 1͒ . Such a metamaterial grating does not diffract at frequencies below 10 GHz for any angle of incidence. The overall size of the sample was approximately 220ϫ 220 mm 2 , which enabled us to conduct transmission measurements for incidence angles ranging from 0°to 70°. Our measurements were performed in a microwave anechoic chamber in the 4-10 GHz frequency range using linearly polarized broadband horn antennas ͑Schwarzbeck BBHA 9120D͒ equipped with dielectric lens concentrators and a vector network analyzer ͑Agilent E8364B͒. Figure 2 shows a typical response of the planar metamaterial structure to normally incident linearly polarized waves, which was recorded in both transmission and reflection modes. It should be noted that although the data are presented for the polarization parallel to the structure's y-axis ͑as defined in Fig. 1͒ , the response of the metamaterial showed no polarization dependence, which is consistent with the symmetry of its unit cell. The measured spectra reveal a very wide transmission stop-band split by a sharp asymmetric resonant feature at around 6.2 GHz ͑marked as II in Fig.  2͒ . In reflection it is seen as a narrow dip, where the reflectivity level drops below 5%, separating two broad reflection resonances centered at correspondingly 5.8 GHz ͑I͒ and 8.3 GHz ͑III͒. In transmission it corresponds to a narrow window with the transmission level exceeding 65% and the spectral width of about 0.7 GHz measured as a full width at half maximum ͑Q Ϸ 9͒. Moreover, the transmission window is accompanied by a very sharp normal phase dispersion ͓see Fig. 2͑b͔͒ that, as was recently pointed out in Refs. 13 and 14, renders the response of the structure a metamaterial analog of EIT and despite the structure's vanishing thickness can potentially be used for achieving long pulse delays. Importantly, the response of a reference metamaterial composed of the rings of large radius shows no splitting of the stop-band, which has Q Ϸ 1.
The origin of the narrow resonance can be traced to the excitation of the so-called trapped mode, a high-Q mode formed by counter-propagating currents. Such a mode is nora͒ Electronic mail: vaf@orc.soton.ac.uk. mally inaccessible but can be excited if, for example, the metamaterial's structural elements have a certain weak structural asymmetry. 12 As a result of the interference with the continuum-like spectrum of the excitation the mode acquires an asymmetrically shaped resonance line characteristic to the well-known Fano resonances. 29 The trapped-mode nature of the observed pass-band was confirmed by numerical simulations, which showed exceptionally good agreement with the experimental results for both transmission and reflection, assuming ⑀ = 4.5− i0.1 ͑see Fig. 2 , filled circles͒. In Fig. 3 we present the modeled distribution of currents in the metamaterial's unit cell at frequencies corresponding to the resonant features I, II, and III. Figures 3͑a͒ and 3͑c͒ show that the stop-bands I and III are the result of resonant excitation of a predominantly dipole mode ͑i.e., current oscillations symmetric with respect to y-axis͒ in either outer or inner ring, when the wavelength of excitation is approximately equal to the circumference of the corresponding ring. At the transmission resonance II, however, both rings appear to be excited equally, while the induced currents in the inner and outer rings oscillate in opposite phase yielding an electromagnetically trapped mode ͓see Fig. 3͑b͔͒ . Indeed, the scattered fields produced by such current configurations are very weak since the electrical dipole moment of each unit is negligible, while magnetic dipole and higher multipole moments such as, for example, electric quadrupole are absent due to the symmetry of the mode. As a consequence, the coupling of the metamaterial grating to free space and therefore its radiation losses are reduced dramatically, which ensures much stronger currents and thus higher Q-factor of the response than in the case of dipole excitation.
The difference between the two regimes of excitation is further illustrated in Fig. 3 in terms of calculated power flow, as well as local distributions of energy density in the plane of the rings. Remarkably, at the trapped-mode resonance the flow of electromagnetic energy is confined to a very small region between the rings, where the energy density reaches substantially high values when compared to the case of dipole excitation. This makes the response of the metamaterial operating in the trapped-mode regime extremely sensitive to the dielectric properties of the substrate ͑or a superstrate͒, which may potentially be used for enhancing optical nonlinearities or efficient single-pass amplification of light in the nanoscaled versions of the metamaterial. 30 It is important to note that in the DR-structure excitation and control of the trapped-mode resonance requires no symmetry breaking, therefore the structure's electromagnetic properties are different from those of the recently demonstrated asymmetrically split rings. 12 In the present case the free-space coupling of DRs ͑and consequently the width of the narrow transmission window͒ is exclusively controlled by the difference in circumferences of the inner and outer rings and does not depend on the polarization state of the incident electromagnetic radiation. Importantly, due to vanishing electric dipole moment and absence of magnetic dipole moment in the DRs at the trapped-mode resonance, their mutual interactions are extremely weak. This makes our planar metamaterial a truly incoherent system, where the response of the entire array is simply a direct sum of the DR individual contributions. 31 As a consequence the electromagnetic response of the metamaterial is also weakly dependent on the angle of incidence, i.e., appear isotropic for a wide range of angles. Such remarkable behavior is illustrated in Fig. 4 , where we present metamaterial transmission measured as a function of frequency and angle of incidence. It is evident that at normal incidence the central frequency ͑Ϸ6.2 GHz͒ and width ͑Ϸ0.7 GHz͒ of the transmission band are the same for both TE and TM polarizations and remains fairly stable for a wide range of angles. In particular, the peak amplitude and width change by only about Ϯ10% and Ϯ25%, respectively, for angles of up to 45°, while the band's central frequency remains the same within experimental accuracy for the whole range of angles measured. This renders the resonant response of the metamaterial structure polarization and angle independent for most of applications. We anticipate that by reducing the gap between the concentric rings the strength of their resonant free-space coupling can be reduced further, which will result in the narrower transmission line and simultaneously extend the range of acceptable angles beyond 45°. It is worth mentioning that a narrow stop-band response with similar unique character- istics can be obtained by simply using a complementary DRstructure, where metal rings are replaced with concentric ring apertures in a metal film.
In summary, we designed and experimentally demonstrated a planar metamaterial ͑metafilm͒ exhibiting polarization and angle independent narrow pass-band, which shall have potential applications in wide-acceptance-angle detectors. Such unusual for metafilms isotropy of the spectral response is a result of engaging trapped-mode resonance in the absence of structural symmetry breaking. The EIT-like phase dispersion associated with the resonance makes our metamaterial also an intriguing candidate for the use in "slow light" applications, while strong spatial localization of energy provided by the trapped mode can potentially be exploited for enhancing optical nonlinearities or efficient single-pass amplification of light in micro-and nanoscaled versions of the metamaterial, which are fully compatible with the existing fabrication planar technologies.
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